The purpose of this study was to describe the Choroidal new vessels, often clinically unsuspected, are found commonly on histological examination of post-mortem eyes suffering from age-related macu lopathy (ARM). 1 , 2 In one studl they were present even in about one-third of eyes with geographic atrophy of the retinal pigment epithelium (RPE), being detected in 15 of 46 eyes examined although In a recent report 6 two phases of CNV in humans were described: an initial 'low-turnover' choroidal phase and a subsequent 'high-turnover' phase in the sub-RPE space characterised by extensive endo thelial cell proliferation and migration. Attempts to prevent overt CNV by applying gentle photocoagu lation to cause soft drusen to resorb therefore need to take into account the possible presence of the clinically unrecognised choroidal phase of CNV. In the present study the morphology of unsuspected early CNV which failed to spread in the sub-RPE space is contrasted with an early but active choroidal neovascular membrane (CNVM), still confined beneath the RPE, which leaked fibrinous exudate. The aim was to correlate the structure of these early neovascular proliferations with their apparent activ ity and, because of the lack of a natural animal model, draw comparisons with in vitro and in vivo experimental models of neovascularisation. Atten tion is drawn to the initial choroidal phase of CNV and to the difficulty in its clinical recognition.
mostly remaining confined. Since in ARM the early new vessels grow initially in the cleavage plane created by a diffuse layer of debris external to the basement membrane (BsM) of the RPE, disappear ance of this sub-RPE space as atrophy develops may be the factor limiting their spread. On the other hand, active choroidal neovascularisation (CNV) is known to be related to soft confluent drusen 4 , 5 which open this cleavage plane. The progress of CNV is therefore influenced by the nature and quantity of debris present.
In a recent report 6 two phases of CNV in humans were described: an initial 'low-turnover' choroidal phase and a subsequent 'high-turnover' phase in the sub-RPE space characterised by extensive endo thelial cell proliferation and migration. Attempts to prevent overt CNV by applying gentle photocoagu lation to cause soft drusen to resorb therefore need to take into account the possible presence of the clinically unrecognised choroidal phase of CNV. In the present study the morphology of unsuspected early CNV which failed to spread in the sub-RPE space is contrasted with an early but active choroidal neovascular membrane (CNVM), still confined beneath the RPE, which leaked fibrinous exudate. The aim was to correlate the structure of these early neovascular proliferations with their apparent activ ity and, because of the lack of a natural animal model, draw comparisons with in vitro and in vivo experimental models of neovascularisation. Atten tion is drawn to the initial choroidal phase of CNV and to the difficulty in its clinical recognition.
MATERIALS AND METHODS
The light and electron microscopic findings are described in three eyes of two patients demonstrating early CNV. The first patient was an 83-year-old man last examined 1 year before death. Vision had been Eye (1997) 11, 515-522 © 1997 Royal College of Ophthalmologists 6/6 in each eye and his fundi had shown only a moderate number of small hard and soft drusen without pigment changes. Fluorescein angiography had revealed no evidence of CNV. The left fundus has been illustrated previously ?
The second patient demonstrated more soft drusen. Over a 10-year period of clinical documenta tion there had been an increase in the number and confluence of the drusen, which measured up to 250 fLm, the heaviest concentration occurring at the temporal edge of the fovea. The fundus picture and the morphology of the drusen have been reported previously. s A fluorescein angiogram could not be obtained due to the patient's dementia. On his last visit, 2 months before death at the age of 75 years, the right eye was noted to have developed a haemorrhagic disciform scar and this eye is not described further. In the left eye vision was 6/36 and the fundus was partly obscured by lens opacities. A CNVM which was found on pathological examina tion but had not been noted clinically is the subject of this report.
The eyes were prepared for electron microscopy according to techniques previously described. 6 In the first patient sections were examined from blocks taken from the fovea of both eyes. In case 2 the CNVM was found extending diagonally across the fovea from upper nasal to lower temporal sides. The area examined measured 1950 fLm in length with a maximum width of 1050 fLm and included the upper, temporal and lower edges of the membrane, but nasally the membrane extended beyond the cut edge of the block. The origin of the new vessels from the choroid was not found.
RESULTS

Case 1. Example of Initial Choroidal Phase of CNV
The findings in both eyes of case 1 were similar. The RPE remained as an intact layer but was moderately enlarged due to the accumulation of complex lipofuscin granules. Other evidence of degeneration was the presence of diffuse deposits, comprising the basal laminar deposit (BLD) between the plasma cell membrane and the BsM of the RPE, and a layer of membrane coils lying between the RPE BsM and the inner collagenous zone of Bruch's membrane (BrM). A moderate number of small hard drusen were present, appearing as electron-dense hemispherical elevations on BrM (Figs. 1, 2) . The membranous debris formed a shallow layer (Fig. 2) but was occasionally raised into larger mounds referred to as soft membranous drusen. S Combinations of hard and membranous drusen were also found, the membrane coils separating the amorphous hard drusen material from the inner collagenous zone of BrM.
Macrophages and foreign body giant cells were found applied to the outer surface of BrM, most frequently beneath small hard drusen (Fig. 2) . Segments of thinning of the outer collagenous zone of BrM were present, measuring up to 100 fLm wide and with edges bevelled from below. Activation of the underlying pre-existing capillaries was also noted, the normally sparse pericytes demonstrating hyper trophy with a voluminous watery cytoplasm, sub plasmalemmal densifications and cytoskeletal filaments (Figs. 1, 3) . Although maintaining cellular contact with endothelial cells, the pericytes extended blunt projections into the choroidal stroma. The BsM between the endothelial cells and the pericytes was commonly thickened and pointed processes from the endothelial cells protruded into this material (Fig. 3) , although only a few short slender endothelial cell processes actually breached the BsM. Evidence of activation of choroidal endothelial cells was also present, the cells demonstrating abundant organelles, an enlarged nucleus and the formation of long narrow pseudopodia partly enveloping the peri cytes, 6 but the vessels were always surrounded by dilated pericytes.
In at least four areas in each eye these activated vessels demonstrated varying degrees of penetration of BrM. In one area a vessel displayed only the choroidal phase of angiogenesis (Fig. 4) , a capillary surrounded by dilated pericyte processes extending about 20 fLm into the choroid and pursuing a convoluted course before becoming a postcapillary venule. Enlarged cells were noted also in the walls of the postcapillary venule but immunohistochemistry, which might have distinguished pericytes from myofibroblasts, 9 was not performed. Adjacent chor oidal capillaries were narrowed or absent, but it could not be determined whether the new vessel proliferation had occurred in a pre-existing focal area of hypoperfusion or whether the choriocapillary narrowing was secondary to altered haemodynamics following CNY.
Greater penetration caused fragmentation and displacement of the inner collagenous layer (Fig. 1) , while complete penetration of the collagenous zones resulted in elevation of the RPE (Fig. 5) . However, serial sections through the discontinuities in BrM confirmed that these gaps then closed again and the vessels did not progress further. A narrow lumen was present in these sprouts and fenestrations were identified, but the endothelial cells remained sur rounded by dilated pericytes. These early new vessels were quite small, being less than 100 fLm across.
In one area the vessels did extend for a short distance (about 100 fLm) along the inner surface of BrM, but they were surrounded by collagen and the underlying choroid also was more fibrotic. The pericytes appeared mature and these appeared to be inactive vessels. The lack of further progression in this patient may have been related to the presence of only a small amount of membranous debris under the adjacent RPE. Case 
Example of Sub-RPE Spread of Active CNV
In this eye the CNVM spread in the sub-RPE space, in the plane created by soft drusen (Fig. 6 ). Hard drusen, on the other hand, had an anchoring effect on the RPE and the neovascular membrane had initially to grow around these deposits. A sensory retinal detachment was present over part of the membrane and swollen hyperpigmented cells were shed into the subsensory retinal space, but the RPE Fig. 3 . Nearby section through the edge of the activated choroidal vessel shown in Fig. 1 . Dilated pericyte processes (P) demonstrate watery cytoplasm containing subplasma lemmal densifications (hollow arrowhead) and cytoskeletal filaments (filled arrowhead). Basement membrane of endothelial cell and pericyte is prominent. The endothelial cells (E) extend pointed processes into the basement membrane between two pericyte processes. Straight arrow points to a tight junction between two endothelial cells which may be extending the lumen between the pericyte processes, but endothelial cells do not breach basement membrane. Fenestrations (curved arrow, upper right) were noted principally on the pigment epithelial side of the vessel, similar to those in normal choroidal capillaries. BrM, Bruch's membrane; RC, red cell in lumen. X 5220.
remained intact and in contact with the membrane except just beyond the advancing tip where a small RPE detachment was present (Fig. 7) . Strands of a fibrin-like material with a periodicity of 26 nm could be traced from the vessel tip into the RPE detach ment, in which there were also a few red cells.
The new vessel sprouts ended in blind loops. Sprouts with bulbous ends leaking fibrinous exudate protruded about 100 fLm in advance of the main membrane, their swollen appearance resulting from a Section showing spread of a new vessel in the plane of soft drusen. In this region endothelial cells (EC) at the tip are partially surrounded by pericytes (P). A cell process (thin double-ended arrow) is associated with fibrillar basement-membrane-like material and appears to arise from a myofibroblast-like pericyte showing subplasmalem mal densifications (white arrows). The cell process separates a small quantity of fibrin-containing exudate above (black asterisk) from soft drusen material below (black arrow), in which globules of amorphous material are mixed with membrane coils. Banded basal laminar deposit is prominent (white asterisk). XJ420.
thick covering of amorphous BsM-like material (Figs. 7, 8 ). Pericytes were not observed at these tips and the BsM-like material was therefore secreted by the endothelial cells. Three endothelial cell phenotypes could be distinguished (Fig. 8) . The cells at the apex had a dense cytoplasm and appeared to be migrating, extending slender processes into the BsM. Cell junctions were immature, fusion points rarely being observed. Behind the apex, puffy cells with pale cytoplasm containing rough endoplasmic reticulum appeared to represent a proliferative phase/ o although mitoses were not observed. More proximally, mature fenestrated endothelial cells surrounded a well-developed lumen. Elsewhere along the edge of the CNVM pericyte processes with a condensed cytoplasm had migrated along the sprouts (Fig. 9) and the BsM-like material became a fibrillar early collagenous matrix. Where pericyte processes with prominent rough endoplasmic reticu lum embedded in a thickened collagenous matrix completely surrounded the sprout, there was no leakage.
As in case 1, there were multiple sites in the choroid where macrophages were applied to the outer surface of a thinned BrM. The BLD was a well formed layer containing wide-spacing collagen (Figs. 7, 9). Membranous debris was present in greater quantity than in case 1 and became the predominant constituent of soft drusen, although the drusen also contained small amorphous globules which were interpreted as broken-down hard drusen material (Fig. 9) . Where soft drusen lay close to the tip of the CNVM serum was noted to enter several drusen (Fig. 9) , whereas at the non-leaking edges there was only minimal drusen debris.
DISCUSSION
The earliest stages of CNV in ARM are difficult to study in the human. The morphological changes preceding CNV include the formation of diffuse deposits which are defined according to their relationship to the BsM of the RPE. The BLD lies between the RPE plasma membrane and BsM and becomes universal once degeneration develops. However, diffuse debris also appears on the external aspect of the BsM, termed the basal linear deposit by Green and Enger Y This is more variable in quantity and on electron microscopy contains membrane coils which have the bilayered structure of lipids and which also become a major constituent of some soft drusen. s It is at this stage that macrophages and foreign body giant cells are noted in increasing numbers in relation to the outer surface of BrM. 7 , 12 The mobilisation of these cells is followed by the development of thinned segments in the overlying outer collagenous zone of BrM, within which one or more openings communicating with the potential sub-RPE space may then appear. Activation of choroidal capillaries was observed only beneath these thinned regions of BrM, suggesting that angiogenic factors released by the macrophages may play a role.
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This apparent erosion of BrM from the choroid 7 , 13 therefore becomes apparent only when membranous debris and the soft drusen derived therefrom are present, but paradoxically it then often commences beneath small hard drusen. s Possibly this is due to the fact that the RPE remains anchored for a time to hard drusen, while becoming increasingly separated from BrM elsewhere by the membranous debris. An ischaemic stimulus induced in the outer retina by this separation may cause the RPE to release diffusible angiogenic factors, vascular endothelial growth factor in particular being influenced by local oxygen concentrations; 14 these factors would reach the choroid in greatest concentration where the RPE remains attached to BrM. The link between ischae mia, macrophages and angiogenesis is further strengthened by experiments on bovine retinal explants cultured under hypoxic conditions, 15 in which proliferating endothelial cells formed tubes only when macro phages were also present. However, although CNV is associated with choriocapillaris dropout in pathological specimens, 16 cause and effect have not been established.
The early stages of angiogenesis in the choroid are difficult to reproduce also in animal models, in which attempts to promote CNV by laser 17 first induce an acute inflammation not seen in ARM. Moreover, owing to the lack of drusen and diffuse deposits in these animals, there had been no prior dissociation of the sub-RPE space in which the vessels may spread, so that they immediately pass through the RPE and become subretinal. 18 The early events thought to occur in the choroid have therefore been extrapo lated from non-choroidal models of angiogenesis and in both in vitro neovascularisation 19 , 2o and in vivo tumour-induced capillary proliferation in the rabbit cornea, 21 the initial stages involve the endothelial cells. In these experiments the endothelial cells extend cytoplasmic processes through the basement membrane but, since the origin of the new vessel sprouts occurs from preformed non-fenestrated vessels, the authors acknowledge that the same sequence may not occur in other forms of neovascu larisation. Nevertheless, the endothelial cell is capable of making a capillary tube on its own 19 and it has been suggested that the pericyte may not be involved in the initial vascular sprout and lumen formation, 22 although it may play a secondary role in controlling capillary proliferation. 23 In case 1, however, hypertrophy of pericytes of pre-existing capillaries and postcapillary venules was the most conspicuous response in the choroid. Migration of the s e activated pericytes away from the endothelial cells may even be the first event, thereby releasing the endothelial cells from contact inhibition ? 4 In the present study activation of choroidal endothelial cells was also observed, how-ever, so that it is possible that an initial endothelial cell response did take place in the choroid but became confined by proliferation of pericytes. It therefore cannot be concluded that the small pericyte-enshrouded vessels seen in case 1 were the precursor of the active CNVM in case 2.
The earliest new vessels may even be entirely intrachoroidal 6 but, even if they bulge into BrM, such vessels may be so small that they may be difficult to distinguish on fluorescein angiography from brightly staining drusen. The presence of fenestrations implies they would be expected to leak fluorescein, but experiments have shown that a fluid-filled space is necessary for this to OCCUr. 25 It is therefore possible that small vessels enveloped by pericytes as seen in case 1 may likewise lead to minimal leakage if there is little debris detaching the surrounding RPE, and fluorescein angiography performed on this patient 1 year before death had shown no evidence of CNY. It is also likely that the small new vessels commonly found on histological examination of senile eyes 1 , 11 may similarly have failed to progress owing to a lack of diffuse debris. On the other hand, a more profuse deposition may contribute not only to hypoxia of the outer retina but also to loosening of the attachment of the RPE to BrM. The potential space thus created would allow the new vessel to leak fluid and fluorescein, as well as favouring its spread. This is akin to oedema of the cornea, which is a necessary prerequisite for the ingrowth of new vessels although it is not the sole factor involved? 6 In case 2 the tips of the CNVM demonstrated morphological differences not only from the small new vessels in case 1, but also around different parts of the membrane itself. Those tips, which leaked fibrin-like material, extended about 100 f,Lm beyond the main membrane, alternating with less leaky areas, and so would correspond to the scalloped edge commonly noted on fluorescein angiography. These tips showed an absence of pericytes but, in contrast to the experimental situations, the endothe lial-lined channels were not bare and remained covered by a thick BsM-like material. Overlying the edge of the membrane the RPE exhibited hyperpigmentation and proliferation and it has been suggested that this accounts for the dark halo of blocked fluorescence commonly seen around CNVMs. 27 The examination of surgically removed CNVMs has provided correlation of their ultrastructure with the angiographic findings, 9 , 27 -29 but in many of these cases the vessels were already associated with fibrous tissue and there have been no descriptions of advancing tips lacking a pericyte cover. The present study suggests that certain assumptions can be made about the morphology and further progress of early CNV on the basis of fluorescein and indocyanine green (ICG) angiography. Profuse leakage of fluor escein from the advancing tips of a CNVM probably indicates that proteinaceous exudate is escaping, but more information might be provided by I CG which is 98% protein-bound, mostly to globulin. Since peri cytes and their basal lamina appear to block extravasation of macromolecules in experimentally induced leakage, 30 ICG fluorescence may point to the absence of pericytes. Moreover, escape of protein-bound ICG could correlate with the extra vasation of fibrinogen and it is noteworthy that the fibrin in case 2 could be traced to the apex of the endothelial-lined vessels, without any indication that it was derived from the overlying neurosensory detachment as has been suggestedP ICG fluores cence would therefore appear to be an unfavourable prognostic indicator.
. The cases presented illustrate that the search for a means of modifying the neovascular form of ARM must take into consideration not only the factors inducing angiogenesis, but also those promoting further activation and spread of the new vessels. The change from a 'low-turnover' phase of angio genesis to a 'high-turnover' phase appears to correlate with the amount of diffuse debris present in the sub-RPE space. The hypoxia that this induces in the outer retina may trigger an imbalance of angiogenic factors over inhibitory factors, while at the same time the debris creates a plane of least resistance favouring spread and leakage. Treatment modalities being explored therefore include attempts to confine the disease to the earlier 'low-turnover' phase, by applying photocoagulation in order to reduce the amount of soft drusen material and close the sub-RPE space.
